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Appendix A 

ORBITCONTROLOFBEAMSEPARATIONAND 

CROSSING ANGLEATANINTERACTIONPOINT 

An algorithm used to provide simultaneous control of the transverse separation and cross- 

ing angle of colliding beams at an interaction point is presented. 

Controlling both the beam separation and crossing angle at an interaction point sp re- 

quires a closed orbit distortion using four separators; two on each side of the interaction 

region. A four-bump algorithm specifies the angular deflections, AB;, applied to the separa- 

tors to produce a closed orbit deflection of a specified orbit displacement, xp, and specified 

phase, x6, at an interaction point. The four-bump is localized in that it produces an orbit 

distortion only in the region bounded by the first and last separator bump elements. 

A four-bump is necessary because of the number of constraints and variables in the bump 

calculation. A local three-bump has three variables ( A&s of the three-bump elements ) and 

three constraints. One of the constraints is the magnitude of the bump at a given location 

and the other two constraints ensure that the bump is local; the outgoing position and phase 

at the two endpoints of the bump are constrained to zero. It is of interest to constrain both 

the separation and crossing angle at an interaction point sp, along with keeping the bump 

local. Thus a second three-bump is needed to provide the additional constraint. The four- 

bump algorithm results from the addition of two localized three-bumps. 

Consider the schematic of Figure A. 1. Angular deflections representing two three-bumps 

( dashed and dotted lines ) are added to create a four-bump ( solid line ). The effect an angu- 

lar deflection of magnitude A& at so has on a particle’s orbit at s1 is found using Equation 

2.9, which is reproduced here for convenience: 

x(s) = Ad,B(s)sin($(s) t 6). 61) 



Figure A. 1: Schematic of a four-bump which controls the position and phase at point sp. 
The four-bump (solid line) is the result of the addition of two three-bumps (dotted and 
dashed lines). Angular deflections occur at longitudinal locations so,s1,s2 and s3. 

The constants A and S are determined from initial conditions. Let x0 = 0 at a location in 

which II, = 0 and let xb = A& at that point. The solutions for the initial conditions are then 

found to be 6 = 0 and A = fi A&. An orbit displacement x1 at sr due to an angular 

deflection at so is thus given by 

x1 = AGO J- &PO sin A&O, (A-2) 

where A+,, = +I - $0 is the phase advance from so to sl. The lattice functions PO and pr 

are the beta functions at so and ~1, respectively. The derivative of x1 with respect to s gives 

xi in terms of A0, as 

x; = AO, - al sinA$ro]. (A.31 

Both x1 and xi depend on Aeo and on the lattice functions at SO and SI. It is assumed 

that the lattice functions are known. As a result, the above expressions may be rewritten as 

x1 = A Ae, 

x; = B Ad, 

(A-4) 

where A and B are constants expressed in terms of lattice functions in Equations A.2 and 

A.3, respectively. 
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From Chapter 2 ( Equation 2.13 ), a particle’s traversal in one plane from sp to sl is 

described by 

( ;;)=Mp-l( 7). (A.3 
The elements of the transfer matrix depend entirely on the lattice functions at sp and sr. 

The orbit displacement and phase at sl is thus expressed in terms of the orbit displacement 

and phase at sp multiplied by the constant matrix elements of Mp-,l: 

Xl = [(ml)P41 XP + [(dP+ll& 

x; = [(~21)P+ll XP t [(~22)P-+ll& 

64.6) 

where (mij)p+r is the matrix element in the ith row and jth column of Mp,l. Solving for 

Aeo in terms of xP and xi using Equations A.4 and A.6 yields two equations which must be 

simultaneously satisfied: 

Kml>P+l] XP + [( mz)P+l] 5; 

b21)P+l] XP t [@22)P--11 x; 

B 

64.7) 

If xp is specified as a constraint, the two equations yield solutions for xb and xl. A phase 

contribution at an interaction point, therefore, is introduced once an orbit displacement is 

specified. Similarly, specifying a particle’s phase will introduce an orbit displacement. Once 

xl is known, the angular deflections for a localized three bump at so, si and s2 are found 

using the familiar three-bump algorithm. 1% The additional phase contribution which is in- 

troduced at the interaction point must then be cancelled by subtracting a second three-bump 

constrained to the same phase. 

The angular deflections for 

local three-bump algorithm:m 

the first three-bump at so,sl and s2 are calculated using a 

Aoo, = 
Xla 

diTZsin($l - $0)' 

AOr, = ABoa 

(A.@ 



Note that xla F x1 in Equation A.6 above. The index n is added to the subscript of x1 and 

AB; in order to make a distinction between the two three-bump calculations. 

Similarly, the angular deflections due to a second three-bump at sl, s2 and sa are calcu- 

lated as follows. An angular deflection at sl, A&,, translates into an orbit displacement at 

s2 of magnitude 

X26 = A8u,~ht% sin Aqh. (A-9) 

The subscript b designates the second three bump. In terms of xp and xb, the orbit displace- 

ment and phase at s2 is given by 

x2b = [(77-‘11)Pw2] XP + [(77-42)P-21 x)p, (A. 10) 

& = [(m21)h2] xp t [(m22)P+2] x'p- 

The angular deflections for the second three bump are given by 

A&b = x2b 

dPT2sin(+2 - til) ' 

A&b = AOlb 

J 

@in@3 - $1) 

P2 sin($3 - +2) ' 

A&b = 
Aelb 

(A.ll) 

By subtracting the angular deflections of the second three-bump from the first three-bump, 

the undesired phase or orbit distortion introduced by the first three-bump is eliminated. The 

final four-bump angular deflections are expressed as 

Ae, = Ae,,, 

heI = Aela - Ah, 

A& = A62, - Ao2b, 

A03 = -Ao3b, 

(A.12) 

where AO, and A&, are listed in Equations A.8 and A. 11, respectively. 

Since the bump elements in this case are separators, a conversion from the prad settings 

calculated above to kV settings is necessary. The ICV to prad conversion is given by 
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V(kV] = 
AO[p?-ad] * p[GeV/c] * g[cm] 

+m] * hod&s ’ 
(A.13) 

where V is the voltage across opposing separator plates and p is the momentum of the beam. 

The gap across the plates is denoted as g. The length of the plate is I and the number of 

modules which compose one separator is r&,&&s. In the Tevatron, the separator gap is 5 

cm. A module length is 257 cm. The number of modules at each location is shown in Figure 

5.1. 

Separator Lattice Parameters 

Table A. 1: Separator lattice parameters in Collider Run IA. A phase advance of zero 

is defined at the EO straight section. Lattice values are averaged over the number of 

modules. 

Table A. 1 lists the lattice functions of the separators in Collider Run IA. The lattice func- 

tions listed are values averaged over the number of modules. 
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Appendix B 

LUMINOSITYASAFUNCTIONOFSEPARATION 

ANDCROSSINGANGLE 

This appendix presents a calculation of luminosity as a function of transverse separation 

and crossing angle of two colliding particle distributions. It closely follows the luminosity 

calculation for head-on collisions as described by Month. [63l Note that this is an alternative 

derivation of luminosity as compared with Equation 1.1, which is a definition of luminosity. 

The luminosity, L, is a relativistic invariant. It is described by 

L = c l/I $I - $2 I2 - 1 a x p; I2 qx,y,4 tB.1) 
where the parameter c is the speed of light and a is the particle velocities in units of the 

speed of light. The subscripts 1 and 2 denote bunches 1 and 2, respectively. The overlap in- 

tegral, 1(x, y, z, t), is the overlap of the colliding particle distributions integrated over three- 

dimensional space and time. 

qx,Y,Z,t) = L/vJ_mm dt pl(x, y, z, t) 4x, y, 0) 03.2) 

where dV 3 dx dy dz represents an integration over space and t represents an integration 

over time. 

The particle distributions, assumed Gaussian, colliding with a transverse separation of 

magnitude d, and d, in the horizontal and vertical planes, respectively, are given by 

Pl(X,Y,~,~) = + f + (* ->)‘]) (B.3) 
Ol* 

N2 
P2(‘, Y7 ‘> t, = (2s)3/202r~2y~2z exP 

+ (Y - 4J2 + (2 - G2 
Gy 4, 

03.4) 



The number of particles per bunch is given by N. The longitudinal offset of the centroids 

of the colliding bunches is given by 6. If one of the bunches, for example, is centered at the 

collison point at t = 0 and the other bunch is offset from the collision point by an amount 

za at t = 0, the longitudinal offset parameters satisfy 51 = ct and & = -ct + 20. The rms 

bunch size is parameterized by CT in both the transverse and longitudinal planes. 

Recall from Equation 2.28 that cr is itself a function of Z: 

(B.5) 

where p(z) is described by Equation 2.44 and the dispersion V(Z) is linear through a drift 

space: II(.Z) = qZZo + 7’~. In terms of accelerator parameters, the rms momentum spread 

of a bunch is given by WI 

(F) =&~s+$). 03.6) 

The peak accelerating voltage per turn is given by (eV). Relativistic beta is explicitely 

written as ,&. The harmonic number is denoted by h. The radius of the accelerating ring 

is given by R and the total synchronous energy is I?, . The frequency dispersion parameter, 

7, is dependent upon both the transition gamma, -yt, and relativistic gamma, rtel: 

(B.7) 

The instantaneous luminosity, L( t ), is in units of cmW2 set-’ . The luminosity per bunch 

collision, L, is found by integrating over time and is in units of cmm2. 

The integration of the overlap integral over transverse space is solved analytically: 

J -dkexp --co 
@W 

where k z CC, y represents either transverse dimension. 

The integral over time is also analytically solved: 
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For convenience, define the new parameters: 

(B. 10) 

Upon combining the results of the integrations of Equations B.8 and B.9, the overlap integral 

becomes a function of longitudinal space only. 

d”, c2’ - ‘012 
- ~ - 1 (B 11) 

2a3z) 24 - 

At high energy, the relativistic factor of Equation B. 1 for two colliding bunches is very 

nearly equal to 2, since 1 ,& - g2 1% 2 and 1 & x ,& 1~ 0. Thus the luminosity per bunch 

crossing is given by 

J O3 dz 
1 4 4 (22 - zg 

’ (B-12) -rn h(Z) q/(z) exp 202(z) - 2a,20 - 20; 1 
where only one numerical integration remains. 

By making an assumption that the transverse beam size is independent of z, the above 

expression for the luminosity is analytically expressed as 

(B.13) 

If there is no beam separation and a round beam assumption is made such that olZ = ~2~ = 

~71~ = (~2~ = Q, the familiar expression for the luminosity is obtained: 

NN2 c=qx(Tz- 
If a crossing angle is present, the transverse separation d is replaced by 

(B. 14) 

d; = d;, + 2z tan t, (B.15) 

where the subscript i 3 2, y denotes a transverse plane. The existence of a beam separa- 

tion is included in the term do. The crossing angle Q is the full crossing angle as depicted 

in Figure B.l. Upon substituting the above expression into Equation B. 12 and making the 

assumption that transverse sigma are independent of z, one obtains a luminosity expression 
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Figure B.l: A schematic of two bunches colliding with a full crossing angle Q. 

dependent upon a crossing angle. For a crossing angle in the horizontal plane, the luminos- 

ity is 

(B.16) 

where CT,, = Ji. This expression assumes that do = 0 in both transverse 

planes and that z. = 0. If a round beam is assumed, the familiar dependence of luminosity 

on a crossing angle in one dimension is obtained: 

L = 2na&g-y 
(B. 17) 

where the subscript i G CC, y denotes a given transverse plane. 1151 
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Appendix C 

A HISTORICALREVIEW OF THEUSE OF 

ELECTROSTATIC SEPARATORS INCOLLIDERS~ 

Coinciding with efforts to reduce observed luminosity limitations, electrostatic sep- 

arators were used at a very early stage in the development of colliders. 

Beam-beam interaction effects were observed to be a luminosity limitation in the VEPP- 

2 electron-positron collider in Novosibirsk in 1965. “Effects of electromagnetic interaction 

between colliding beams (‘Beam-beam phenomena’) seem to place rather principle restric- 

tions on the achievable luminosity. “[@I Beam-beam luminosity limitations seem to have 

led quite naturally to an implementation of electrostatic separators in colliders in order to 

separate particles of opposite charge in the same storage ring and decrease beam-beam in- 

teraction effects. 

There were several early uses of electrostatic separators in a variety of storage rings. 

The VEPP-2 storage ring was colliding electrons and positrons in 1967 at a center-of-mass 

energy of 400 MeV. An “orbit splitting” technique with the help of an electric field was used 

at that time. Beam separation enabled stored electrons to reach currents of 100 mA without 

large positron losses. [l] Two years later, the Orsay collaboration in France was also faced 

with a beam-beam luminosity limitation in the AC0 electron-positron collider. A current 

limit of 20 mA per bunch existed for two colliding bunches at a center of mass energy of 

1070 MeV. In order to “fight the effect”, electrostatic separation was used.[“j The collider 

at Laboratori Nazionali di Frascati (ADONE), colliding electrons and positrons at a center- 

of-mass energy of 3.0 GeV, used separators for beam stability at injection. [7 11 

‘This appendix i s not part of the dissertation submitted to the University of New Mexico. It is 
included only in the Fermilab internal note. 



The Cambridge Electron Facility (CEA) extended the use of separators for multibunch 

operation.l721 Electron and positron bunches were accelerated in the CEA in 1969 to ener- 

gies of approximately 4 GeV. The bunches filled approximately one-third of the synchrotron. 

Vertical separation was used to separate bunches at parasitic crossing points.l73l “Physical 

separation with electrostatic fields....is necessary to avoid short lifetimes of the weaker of 

the two beams due to the incoherent space charge interaction. “1741 Separated orbits of the 

electrons and positrons in the storage ring were kicked onto the same closed orbit in the 

bypass interaction region and collided head-on at the interaction region.175l 

Electrostatic separators continued to be utilized as higher energy electron-positron col- 

liders were constructed, such as the 6.0 GeV (center-of-mass) SPEAR electron-positron col- 

lider at Stanford Linear Accelerator Complex (SLAC).17@ 

A major technical difficulty in operation of electrostatic separators is in maintaining a 

spark rate of zero. One spark often proves disasterous for a colliding beam store. The first 

electrostatic separators operated at voltages of approximately 10 kV/cm. As particles were 

accelerated to higher energies, voltage requirements on electrostatic separators increased 

to approximately 50 kV/cm. These high voltage separators were built almost simultane- 

ously and independantly for the SPS proton-antiproton collider at CERN and for the CESR 

electron-positron collider at Cornell University. Both accelerator collaborations presented 

experimental results on their newly deviced “pretzel orbit schemes” at the 1985 IEEE Par- 

ticle Accelerator Conference (Vancouver) with no reference to each other. f1771d781 CESR 

began using electrostatic separators in the horizontal plane to allow for multi-bunch oper- 

ation and raise the luminosity. 1791 The SPS implemented a horizontal orbit separation in 

order to decrease the beam-beam tune shift of the antiprotons and accomodate collisions of 

six antiproton and six proton bunches. G301 

Electrostatic separators remain an integral part of many high-energy colliders which 

were constructed in recent years. The Tevatron Collider at Fermilab collides protons and 

antiprotons at a center of mass energy of 1800 GeV. The Collider had reached a luminos- 

ity limit due to the beam-beam interaction in its first Collider Run in 1988. One could not 

increase the luminosity by decreasing the transverse size of the proton bunch or by increas- 

ing the number of protons per bunch. In fact, it was necessary to dilute phase space density 

of the protons in order to maintain stability of the antiprotons. I8 II Taking advantage of the 

equal transverse size of the bunch distributions (round beams), the Tevatron implemented a 

helical orbit scheme by separating the orbits of the protons and antiprotons in both the hor- 

izontal and vertical planes. The opposing particle distributions are separated everywhere 
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in the ring except at the locations of the two high energy physics detectors. l82l The achiev- 

able luminosity of 1.6 x 1030cm-2sec-1 without beam separation increased to luminosities 

of 5 4 x 1030cm-2sec-1 
‘3 Run.1 1 

in routine operations with helical orbits in the following Collider 

In CERN’s electron-positron collider at LEP, consideration of different operational con- 

figurations of electrostatic separators has continually led to increases in the luminosity. In 

1990, the LEP ring began to collide four bunches of electrons and positrons at a center- 

of-mass energy of 90 GeV at four high energy physics detector locations. Vertical separa- 

tors were used to separate the beam at the four parasitic locations in the accelerating ring. 

Following the multi-bunch scheme developed at CESR, more separators were installed at 

LEP and more bunches were accelerated (up to eight) shortly afterwards.l83lFl84l To further 

increase the luminosity, a recent proposal for a “bunch-train” scheme has been approved 

which consists of accelerating four equidistant trains of bunches in each beam instead of 

four to eight single bunches. 18% Previous problems with sparking of electrostatic separa- 

tors in LEP have been essentially eliminated by always operating one electrostatic plate at 

ground potential and the other at positive potential.l86l 

Plans for future accelerators continue to include electrostatic separators as a tool in avoid- 

ing luminosity limitations due to the beam-beam interaction. Recent studies of expected 

beam-beam effects in CERN’s Large Hadron Collider (LHC) have determined that the main 

limit to the luminosity will be the beam-beam effect. 1871 Planned operation with closely 

spaced bunches in an interaction region add another level of complexity to beam-beam lu- 

minosity limitations as long-range beam-beam effects become much more significant. WI 
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